A simulation model for an optical fiber bundle distance sensor with a single mode fiber as the illumination fiber and a multimode fiber as the receiving fiber is presented. Approximating the illumination light exiting the single mode fiber as having a Gaussian intensity profile, a closed-form solution of the reflected light coupled into the receiving fiber was derived. A distance sensor was implemented and the measured sensor outputs were compared with the simulation data to verify the theoretical model. The performance of the distance sensor with different design parameters was analyzed. Design guidelines for achieving desired sensor performances are suggested.
Introduction
Optical fiber distance sensors are widely employed for the measurement of strain, displacement, pressure, vibration, temperature, etc., primarily due to their compact size, light weight, high sensitivity, and immunity to a hostile environment. In general, optical fiber distance sensors can be divided into two categories: intensity-based and interferometry-based distance sensors. For interferometry-based optical fiber distance sensor, two optical waves with different optical paths are combined to generate interference fringes; one optical wave, the measurement wave, is modulated by the distance to be measured while the other optical wave, the reference wave, is not. The change in the distance, therefore, alters the optical path difference between these two waves resulting in a shift in the interference fringe pattern. As a result, the distance change can be deduced from the measured fringe shift. Even though an interferometry-based optical fiber distance sensor can achieve ultrahigh precision, distance deduction is usually very involving, requires complicated instruments, and is bandwidth limited. In comparison, an intensity-based optical fiber distance sensor is simple to construct, uses less expensive components, and can have very high bandwidth. In applications where costs and sampling speed outweigh the precision requirement, an intensity-based optical fiber distance sensor provides an attractive alternative to an interferometry-based distance sensor.
One of the most popular intensity-based optical fiber distance sensors is the optical fiber bundle distance sensor. An optical fiber bundle distance sensor is typically constructed with two or more optical fibers, as shown in Fig. 1 . Some of the optical fibers (the illuminating fibers) are employed to deliver light to a reflector, while the other optical fibers (the receiving fibers) are utilized to collect the reflected light. The amount of the light collected is directly correlated to the distance between the fibers and the reflective surface. Therefore, the distance variation can be measured by monitoring the intensity change of the collected light. A wide variety of optical fiber sensors based on this simple principle have been published to measure various physical parameters, including vibration [1] , pressure [2] , acceleration [3] , rotation transverse displacements [4] , temperature [5] , and surface profile [6] , just to name a few. Most published work on optical fiber bundle sensors used broadband light emitting diode (LED) as the illumination source and multimode fibers (MMF) for both the illuminating and receiving purposes. Several authors have published different simulation models to quantitatively evaluate the intrinsic performance limits of the optical fiber bundle distance sensors. Cook and Hamm [7] analyzed the performance parameters of a seven-fiber optical displacement transducer constructed with one illuminating and six receiving fibers surrounding the illuminating fiber based on a mathematical model that assumed the illumination is uniangular, and the step-index fiber has negligible cladding thickness. Their model was extended by Shimamoto and Tanaka [8] to study the performance of a multifiber optical bundle displacement sensor. Three types of light sources, i.e., a parallel beam light source, an infinite plane light source, and a point light source were analyzed. He and Cuomo [9, 10] derived the integrated intensity function by assuming that a MMF is illuminated by a light source that can be approximated by infinite uniangular beams carrying equal power. The theoretical data were compared with experimental measurements, and the limitations of the uniangular and uniform intensity distribution modes were discussed. Recently, Chu et al. [4] developed a calculation model of the optical fiber bundle sensor based on an electromagnetic Gaussian beam approach, even though an LED was used as the illumination source.
Because optical fiber bundle distance sensors operate on the principle of intensity modulation, the performances of the sensor, such as distance detection limit and sensitivity, are directly proportional to the optical power of the illumination source. Therefore, it is advantageous to use a laser that generates much higher optical power than an LED does. However, if a MMF is illuminated with a coherent laser source, the light exiting the MMF forms a dark and light "speckle pattern" due to the interference of light from different optical paths. The bending of fibers can easily change the speckle pattern causing a fluctuation in the amount of light that is coupled into the receiving fiber. Therefore, a coherent laser source combined with a MMF is not suitable for illumination in an optical fiber bundle distance sensor. The speckle problem can be eliminated by employing a single mode fiber (SMF) as the illuminating fiber, which forms a laser spot with an approximate Gaussian intensity distribution. Lamarque and Prelle [11] demonstrated that optical fiber bundle distance sensors using a SMF as the illuminating fiber can achieve a nanometer distance resolution. Sagrario and Mead [12] presented a simplified mathematical model of the optical fiber bundle distance sensor with a single mode illumination and showed that the sensor was a significant improvement in angular measurement.
In this paper we present a more rigorous simulation model of the optical fiber bundle distance sensor that employs a SMF as the illuminating fiber and a MMF as the receiving fiber. The simulation model was verified by experimental measurements first. It was then applied to study the performance of the sensor with different configurations and to evaluate the effect of design parameters on the sensor performance. Based on this parametric analysis, design guidelines for achieving optimum sensor performances are suggested.
Theoretical Simulation
The configuration of the optical fiber bundle distance sensor is shown in Fig. 2 . The two parallel optical fibers, with a mode field diameter of 2w i for the illu- minating SMF and a core diameter of 2a r for the receiving MMF, are placed at a distance d f apart. The offset distance between the two fiber ends is denoted as d e , which means that the two fiber ends do not have to be in the sample plane. The reflective surface, i.e., the target, is placed at a distance d i from the illuminating SMF. As a result, the distance between the target and the receiving fiber is calculated
Fig . 3 illustrates the intensity patterns of the light traveling in a SMF and after it exits the fiber. The radial intensity profile of the light traveling in the SMF can be approximated as having a Gaussian profile, i.e.,
where r is the radial distance from the fiber center and P 0 is the total power of the illumination light. I 0 is the light intensity at the fiber center and w is the distance r at which the intensity IðrÞ is equal to 1=e 2 of I 0 , conventionally referred as the mode field radius. After the light exits the SMF, it begins to diverge with a cone-shaped radiation pattern that increases in size and reduces in intensity (see Fig. 3 ). The divergence angle θ is calculated from the numerical aperture (NA) of the SMF as
The mode field radius wðdÞ, at a distance d from the illuminating fiber, is thus calculated from the fiber NA, the mode field radius w i of the illuminating SMF, and the distance d, i.e.,
Assuming that the illuminating light retains its Gaussian intensity profile, the intensity profile of the illuminating light at a distance d from the SMF can be calculated by substituting Eq. (3) into Eq. (1), i.e.,
Based on Snell's law, the reflected light pattern at the light collecting plane is the same as a virtual light pattern at an image plane behind the reflector as long as the distance between the reflector and the image plane is equal to the distance between the reflector and the receiving fiber (see Fig. 4(a) ). The mode field radius of the reflected light pattern is therefore calculated from Eq. (3) as
To couple light into the receiving fiber, the distance d i þ d r has to be sufficiently large so that the reflected light pattern intersects with the core of the receiving MMF. The total power of the light that is coupled into the receiving MMF is an integration of the light intensity over the light collecting area, i.e., the intersecting area s i between the reflected light pattern and the MMF core
Figure 4(b) shows the front view of the light collecting plane with the reflected light pattern shaded in gray and the boundary of the mode field identified by the dash line. The two circles indicate the SMF core located at the center and the receiving MMF core located at a distance d f from the center. Taking advantage of the axis-symmetry of the intensity profile, the optical power dPðrÞ for the intersecting area between the MMF core and a ring with an inner diameter r and an outer diameter r þ dr [the shaded area in Fig. 4(b) ] are calculated as
The total amount of optical power that is coupled back into the receiving MMF is then calculated by integrating the radius r from d f − a r to d f þ a r , i.e., glass/air interface. The sensor output can be normalized by the total power of the illuminating source as
Equation (9) describes the relationship between the normalized sensor output and the target distance. A typical distance-power curve for an optical fiber bundle distance sensor is shown in Fig. 5 . The effect of the target distance on the sensor output can be explained from the location of the receiving fiber in the reflected radiation pattern. At a small target distance d, the receiving fiber is located outside of the radiation pattern, resulting in a "dead zone" in the distance-power curve. After the dead zone, the sensor output steadily increases as the target distance increases. This is because increasing the target distance produces an enlarged radiation pattern, which is equivalent to moving the receiving fiber toward the center of the radiation pattern. As a result, an increasing area of the receiving fiber core is covered by the radiation pattern. This contributes to the positive slope region where the sensor output increases monotonously with the target distance increase. The sensor output reaches its peak value when the center of the receiving fiber core coincides with the boundary of the mode field. Further increase of the target distance results in a reduction on the sensor output because the intensity of the reflected light decreases with the distance increase while the light collecting area remains constant. It is worth noting that the receiving fiber is located at the outskirts of the radiation pattern in the majority of the sensor's operation range, which indicates that the received light is mainly contributed by the light that propagates in the cladding region of the illuminating SMF.
Experimental Implementation
A benchtop implementation of the optical fiber bundle distance sensor is shown in Fig. 6 . The optical fiber sensor was constructed from two parallel fibers that were placed adjacent to each other, i.e., d f ¼ 125 μm. The connected end of the illuminating fiber, an OFS Allwave fiber with a mode field diameter of ∼10:5 μm, was directly connected to a 1550 nm 20 mW laser source (Amonics ADFB-1550-10). An MMF with a core diameter of 50 μm was employed as the receiving fiber. An optical power meter (Newport 1815-C) and an optical detector (Newport 818-IR) were utilized to measure the sensor output. The analog output of the optical power meter was acquired into a computer using a data acquisition card. The target, an optical mirror, was mounted on a motorized translation stage perpendicular to the two fibers. A VC++ program was created to automatically adjust the distance to acquire the optical power measurement and to obtain the motor position. The optical power measurements and the motor positions were subsequently processed to construct the distance-power curve. 
A. Verification of Simulation Model
The simulation model was verified first by comparing the simulated and measured distance-power curves for the distance sensor described in Section 3. The simulated distance-power curve of the distance sensor was calculated from Eq. (9) using the configuration parameters listed in Table 1 . Experimentally, the mirror was initially placed at a distance away from the sensor and was traversed toward the sensor at a 20 μm increment. At every distance increment, the sensor output was measured. Because it is difficult to measure the distance between the sensor and the mirror directly, they were calculated from the positions of the translation stage by matching the distance at which the maximum power occurs with the simulated data. The simulated and measured distance-power curves of the sensor are shown in Fig. 7 . It was observed that the measured output powers were ∼30% higher than the simulated values ( Fig. 7(a) ). This discrepancy can be attributed to the Gaussian approximation. As mentioned herein, the collected light is mainly contributed by the illuminating light that propagates outside of the SMF core. In these regions, the actual intensity distribution of the SMF is higher than its Gaussian approximation (see Fig. 3 .13b on page 80 of [13] ). If we normalize the sensor outputs with its peak value, the simulation results matched with the measurement data very well, as shown in Fig. 7(b) .
B. Performance Analysis
The distance-power curve of the distance sensor has two regions that have a linear relationship between the sensor output and the target distance. By fitting the experimental data to a linear expression with 99% R-square value, we determined that the linear distance range for region I is from 0.22 to 0:46 mm while the linear distance range for region II is from 0.74 to 1:32 mm. The linear expressions of these two regions were employed to determine the sensor performance parameters, including displacement sensitivity (DS), displacement detection limit (DDL), and dynamic range (DR). The DS of the distance sensor is defined as the ratio between the change of target distance δd t and the change of sensor output δP, i.e., DS ¼ δd t =δP. In other words, DS is inverse to the slope of the distance-power curve. The DS of the sensor is estimated to be 1:04 m=W for linear region I and 4:3 m=W for linear region II.
The DDL of the distance sensor is calculated from the product of the DS and the optical detection limit (ODL). For the optical detector we used, the ODL of the optical power measurement system is 379 pW, calculated by multiplying its noise-equivalent-power (NEQ) (4 pW= ffiffiffiffiffiffi ffi Hz p ) and the square root of its maximum bandwidth (9 KHz) [14] . As a result, the DDL of the distance sensor is calculated to be 0:4 nm for region I and 1:6 nm for region II.
The sensor's DR in decibels is determined from its linear range (LR) and its DDL, i.e., DR ¼ 20 logðLR=DDLÞ. The sensor achieved a DR of 116 dB for region I and a DR of 110 dB for region II. The performance parameters of the optical fiber bundle distance sensor are summarized in Table 2 . The performance analysis indicates that a distance sensor operating at region I is more sensitive and has a higher DDL. In comparison, a distance sensor operating at region II has a larger DR and a longer working distance.
C. Design Parametric Analysis
The optical fiber bundle distance sensor can be constructed with optical fibers of different design parameters. In addition, the geometry of the sensor configuration, such as the separation distance and the offset distance between the two fibers, can be adjusted to achieve different sensor performances. In this section, a parametric analysis is conducted to evaluate the effect of various design parameters on the sensor performance.
Mode Field Diameter of the Illuminating Single Mode Fiber
Depending on the wavelength of the laser source, the illuminating fiber has to be selected accordingly to achieve a single mode illumination. Since one of the most commonly available lasers is the 632:8 nm red laser, the distance-power relationship of a distance sensor using a SMF with a mode field diameter of 4 μm was simulated and compared with that of a distance sensor constructed from a SMF-28, as shown in Fig. 8 . It appears that the mode field diameter of the SMF does not have a significant effect on the sensor performance, probably because the mode field diameter of a SMF is much smaller than other parameters, such as the target distance and the receiving core diameter.
Numerical Aperture of the Illuminating Single Mode Fiber
The NA of the SMF controls the diverging angle θ of the illuminating light after it exits the SMF. The distance-power relationships of the distance sensor with a SMF of different NAs were simulated and are compared in Fig. 9 . It is clearly shown that choosing the correct NA for the distance sensor is a trade-off between DS, DR, and working distance. For a SMF with a larger NA, the two linear regions are much steeper, resulting in higher displacement sensitivities. However, it also results in a smaller DR and a shorter working distance. Therefore, reducing the NA of the SMF can increase its DR and working distance.
Separation Distance Between the Illuminating and Receiving Fibers
The distance-power relationship of distance sensors with different separation distances between the two optical fibers is shown in Fig. 10 . As the separation distance increases, the amount of light coupled back into the receiving fiber is reduced. In addition, its DS is also reduced. Therefore, it is desirable to place the two optical fibers close to each other in order to achieve maximum sensitivity. On the other hand, the DR can be increased by separating the two fibers at a distance apart. 
Core Diameter of the Receiving Multimode Fiber
Contrary to SMFs, MMFs can have a large variety of core diameters, ranging from 50 μm to a few millimeters. In Fig. 11 , the distance-power relationships of three distance sensors, with MMF core diameters of 50, 100, and 200 μm, are compared. Not surprisingly, the amount of light that is coupled into the receiving fiber is found to be proportional to the core area of the receiving fiber. Therefore, increasing the core diameter of the receiving MMF by two folders will increase the DS of the distance sensor by four times.
Offset Distance Between the Two Fiber Ends
It is difficult to align the two fibers so that their end faces reside exactly in the same plane during assembly. The simulation results shown in Fig. 12 demonstrated that an offset between the two fiber ends only shifts the distance-power curve, and does not have any impact on the sensor's DS or DR. Taking advantage of this feature, the distance sensor's linear distance range can be increased by aligning several receiving fibers around the illuminating fiber with each receiving fiber end placed at a different offset distance from the illuminating fiber end. For example, the linear distance range of the three-fiber distance sensor shown in Fig. 13 is doubled if the output of the sensor is switched from MMF#1 to MMF #2 for target distances that are larger than 400 μm. In other words, the linear range of the distance sensor is a concatenation of the linear range of the two receiving fibers.
Conclusions
A simulation model for an optical fiber bundle distance sensor with a SMF as the illumination fiber and a MMF as the receiving fiber was formulated.
The simulated results were verified with experimental data. Parametric analysis was conducted to study Fig. 9 . Effect of SMF numerical aperture on the distance-power relationship. Fig. 10 . Effect of separation distance between the two fibers on the distance-power relationship. the effect of sensor configuration parameters on the sensor performance. It was discovered that:
1. The optical fiber bundle distance sensor has two linear regions; one region has a higher sensitivity while the other region has a large linear range.
2. The mode field diameter of the illuminating SMF does not have a significant impact on the sensor performance.
3. Increasing the NA of the illuminating SMF will increase the sensitivity but will reduce the sensor's working distance and linear range.
4. The receiving fiber should be placed as close to the illuminating fiber as possible in order to achieve maximum sensor output.
5. The sensor output is proportional to the core area of the receiving MMF. Increasing the core diameter of the receiving MMF will increase the measurement sensitivity.
6. The linear range of an optical fiber bundle distance sensor can be increased by placing multiple receiving fibers at different offset distances from the illuminating fiber end.
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